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Homo heidelbergensis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3DUDQDVDOVLQXVHVDUHKLJKO\YDULDEOHDPRQJOLYLQJDQGIRVVLOKRPLQLQVDQGWKHLU
IXQFWLRQVDUHSRRUO\XQGHUVWRRG,WKDVEHHQDUJXHGWKH\VHUYHQRSDUWLFXODUIXQFWLRQDQG
DUHELRORJLFDOµVSDQGUHOV¶DULVLQJDVDVWUXFWXUDOFRQVHTXHQFHRIFKDQJHVLQDVVRFLDWHGERQHV
DQGRUVRIWWLVVXHVWUXFWXUHV,QFRQWUDVWRWKHUVKDYHVXJJHVWHGWKDWVLQXVHVKDYHRQHRUPRUH
IXQFWLRQVLQROIDFWLRQUHVSLUDWLRQWKHUPRUHJXODWLRQQLWULFR[LGHSURGXFWLRQYRLFH
UHVRQDQFHUHGXFWLRQRIVNXOOZHLJKWDQGFUDQLRIDFLDOELRPHFKDQLFV+HUHZHDVVHVVWKH
H[WHQWWRZKLFKWKHYHU\ODUJHIURQWDOVLQXVRI.DEZHLPSDFWVRQWKHPHFKDQLFDO
SHUIRUPDQFHRIWKHFUDQLRIDFLDOVNHOHWRQGXULQJELWLQJ,WPD\EHWKDWWKHEURZULGJHLVODUJH
DQGWKHVLQXVKDVODUJHWUDEHFXODUVWUXWVWUDYHUVLQJLWWRFRPSHQVDWHIRUWKHHIIHFWRIDODUJH
VLQXVRQWKHDELOLW\RIWKHIDFHWRUHVLVWIRUFHVDULVLQJIURPELWLQJ$OWHUQDWLYHO\WKHODUJH
VLQXVPD\KDYHQRLPSDFWDQGEHVLWHGZKHUHVWUDLQVWKDWDULVHIURPELWLQJZRXOGEHYHU\ORZ
,IWKHIRUPHULVWUXHWKHQLQILOOLQJRIWKHVLQXVZRXOGEHH[SHFWHGWRLQFUHDVHWKHDELOLW\RIWKH
VNHOHWRQWRUHVLVWELWLQJORDGVZKLOHUHPRYLQJWKHVWUXWVPLJKWKDYHWKHRSSRVLWHHIIHFW7R
WKHVHHQGVILQLWHHOHPHQWPRGHOVZLWKKROORZHGDQGLQILOOHGYDULDQWVRIWKHRULJLQDOVLQXV
ZHUHFUHDWHGDQGORDGHGWRVLPXODWHGLIIHUHQWELWHV7KHGHIRUPDWLRQVDULVLQJGXHWRORDGLQJ
ZHUHWKHQFRPSDUHGDPRQJGLIIHUHQWPRGHOVDQGELWHVE\FRQWUDVWLQJWKHVWUDLQYHFWRUV
DULVLQJGXULQJLGHQWLFDOELWLQJWDVNV,WZDVIRXQGWKDWWKHIURQWDOERQHH[SHULHQFHVYHU\ORZ
VWUDLQVDQGWKDWLQILOOLQJRUKROORZLQJRIWKHVLQXVKDVOLWWOHHIIHFWRQVWUDLQVRYHUWKHFUDQLDO
VXUIDFHZLWKVPDOOHIIHFWVRYHUWKHIURQWDOERQH7KHPDWHULDOXVHGWRLQILOOWKHVLQXV
H[SHULHQFHGYHU\ORZVWUDLQV7KLVLVFRQVLVWHQWZLWKWKHLGHDWKDWIURQWDOVLQXVPRUSKRJHQHVLV
LVLQIOXHQFHGE\WKHVWUDLQILHOGH[SHULHQFHGE\WKLVUHJLRQVXFKWKDWLWFRPHVWROLHHQWLUHO\
ZLWKLQDUHJLRQRIWKHFUDQLXPWKDWZRXOGRWKHUZLVHH[SHULHQFHORZVWUDLQV7KLVKDV
LPSOLFDWLRQVIRUXQGHUVWDQGLQJZK\VLQXVHVYDU\DPRQJKRPLQLQIRVVLOV
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3DUDQDVDOVLQXVHVDUHKLJKO\YDULDEOHDPRQJOLYLQJDQGIRVVLOKRPLQLQVDQGWKHLU
IXQFWLRQVDUHSRRUO\XQGHUVWRRG+HUHZHLQYHVWLJDWHWKHH[WHQWWRZKLFKWKHSRVVHVVLRQRI
ODUJHIURQWDOVLQXVHVLPSDFWRQWKHDELOLW\RIWKHFUDQLXPWRUHVLVWIRUFHVJHQHUDWHGE\ELWLQJ
LQDUHSUHVHQWDWLYHRIHomo heidelbergensisWKH.DEZHFUDQLXPLQZKLFKWKHIURQWDOVLQXVLV
SDUWLFXODUO\ODUJH7KLVLVRILQWHUHVWWRVWXGHQWVRIKXPDQHYROXWLRQQRWRQO\ZLWKUHVSHFWWR
WKLVVSHFLPHQEXWDOVREHFDXVHIURQWDOVLQXVVL]HYDULHVPDUNHGO\DPRQJODWH3OHLVWRFHQHDQG
+RORFHQHKRPLQLQV:K\WKLVVKRXOGEHVRDQGWKHFRQVHTXHQFHVDQGFDXVHVRIODUJHYHUVXV
VPDOOVLQXVHVKDYHEHHQDFRQVWDQWVXEMHFWRIGHEDWH&RRQ7LOOLHU6HLGOHUHWDO
:ROSRII5DHDQG.RSSH2¶+LJJLQVHWDO/DLWPDQ
7KHKXPDQVNXOOSRVVHVVHVPD[LOODU\HWKPRLGDOVSKHQRLGDODQGIURQWDOSDUDQDVDO
VLQXVHVQDPHGDFFRUGLQJWRWKHERQHVWKH\SQHXPDWL]H7KHVHDUHDOVRGLIIHUHQWLDWHG
DFFRUGLQJWRWKHSRVLWLRQVRIWKHLURVWLDLQWKHQDVDOFDYLW\5DHDQG.RSSH6LQXVHV
DUHILUVWIRUPHGDWGLIIHUHQWWLPHVGXULQJGHYHORSPHQWHDFKE\DWZRVWDJHSURFHVV6SHUEHU
5DHDQG.RSSH6PLWKHWDO5RVVLH3ULPDU\SQHXPDWL]DWLRQ
RFFXUVSUHQDWDOO\DQGJLYHVULVHWRQDVDOUHFHVVHVWKDWODWHUGHYHORSLQWRSURSHUVLQXVHVYLD
VHFRQGDU\SQHXPDWL]DWLRQ6PLWKHWDO5RVVLH7KHIRUPHUFRQVLVWVRI
LQWHUVWLWLDOJURZWKLQWKHFDUWLODJLQRXVQDVDOFDSVXOHZLWKQRH[SDQVLRQWRFRQWLJXRXV
VWUXFWXUHV6HFRQGDU\SQHXPDWL]DWLRQRFFXUVYLDLQYDVLRQRIDGMRLQLQJERQHVE\RVWHRFODVWV
DQGVXEVHTXHQWUHVRUSWLRQ6PLWKHWDO5RVVLH
,QPRGHUQKXPDQVWKHIURQWDOVLQXVEHJLQVSULPDU\SQHXPDWL]DWLRQDW±PRQWKV
SRVWFRQFHSWLRQDQGVHFRQGDU\SQHXPDWL]DWLRQRFFXUVSRVWQDWDOO\DWPRQWKVWR\HDUV
6FKHXHUDQG%ODFN6SHUEHU,WVVXEVHTXHQWJURZWKUHVXOWVIURPUHVRUSWLRQRQ
WKHLQQHUDQGGHSRVLWLRQRQWKHRXWHUVXUIDFHVRIWKHIURQWDOERQHWDEOHVUHVXOWLQJLQFRUWLFDO


GULIW'XWHUORRDQG(QORZ7LOOLHU*URZWKDQGGHYHORSPHQWRIWKHLQQHUWDEOHLV
DVVRFLDWHGZLWKFKDQJHVLQWKHJURZLQJEUDLQ0RVVDQG<RXQJDQGDVVXFKE\DERXW
VL[\HDUVRIDJHWKHLQQHUWDEOHRIWKHIURQWDOERQHSUHVHQWVDSSUR[LPDWHO\RILWVWRWDO
JURZWK(QORZDQG+DQV/LHEHUPDQ2QWKHRWKHUKDQGWKHH[WHUQDOWDEOHDW
WKHOHYHORIWKHEURZULGJHDQGIURQWDOVLQXVSUHVHQWVDVRPDWLFJURZWKSDWWHUQ(QORZDQG
+DQV/LHEHUPDQ)URQWDOVLQXVGHYHORSPHQWLVWKRXJKWWRRFFXUVHFRQGDULO\WR
GULIWRIWKHH[WHUQDOWDEOHRIWKHIURQWDOERQHDVWKHEURZULGJHJURZVDQGGHYHORSVDORQJZLWK
DQWHULRUJURZWKRIWKHIDFHUHODWLYHWRWKHFUDQLDOYDXOW(QORZDQG+DQV/LHEHUPDQ
7KHH[WHUQDOWDEOHRIWKHIURQWDODFKLHYHVDSSUR[LPDWHO\RILWVWRWDOJURZWKE\WKH
HQGRISXEHUW\FRPSOHWLQJJURZWKDIWHUWKLVSHULRG7LOOLHU7KXVIURQWDOVLQXVJURZWK
DQGGHYHORSPHQWLQPRGHUQKXPDQVLVFRPSOHWHE\DSSUR[LPDWHO\±\HDUV6SDHWKHWDO
)DWXHWDO3DUNHWDO
$PRQJFDWDUUKLQHVWKHIURQWDOVLQXVLVRQO\SUHVHQWLQ$IULFDQKRPLQRLGV&DYHDQG+DLQHV
DQGLWKDVWKHUHIRUHEHHQLQWHUSUHWHGDVDV\QDSRPRUSK\RIWKHJURXS5DHDQG.RSSH
,QKXPDQVLWSUHVHQWVVLJQLILFDQWLQWUDDQGLQWHUSRSXODWLRQIRUPYDULDWLRQ%XFNODQG
:ULJKW7LOOLHUDQGPD\SUHVHQWKLJKIUHTXHQFLHVRIDEVHQFHLQVSHFLILF
SRSXODWLRQV.RHUWYHO\HVV\*UHHQHDQG6FRWW)RVVLOKRPLQLQVDOVRSUHVHQW
VLJQLILFDQWIRUPYDULDWLRQZLWKVRPHLQGLYLGXDOVSUHVHQWLQJYHU\VPDOOIURQWDOVLQXVHVHJ
$UDJR6HLGOHUHWDOZKLOHRWKHUVVXFKDV.DEZH6WHLQKHLPDQG3HWUDORQDVKRZ
H[WUHPHO\HQODUJHGVLQXVHVWKDWH[WHQGODWHUDOO\EH\RQGWKHVXSUDRUELWDODUFKDQGVXSHUR
SRVWHULRUO\LQYDGLQJWKHIRQWDOVTXDPD6HLGOHUHWDO3URVVLQJHUHWDO=ROOLNRIHU
HWDO,QWHUVSHFLILFYDULDWLRQLQVLQXVIRUPKDVEHHQFRQVLGHUHGWREHRIWD[RQRPLF
UHOHYDQFHDQGLWKDVEHHQSURSRVHGWKDWJHQHUDOO\ODUJHVLQXVHVDUHRQHRIWKHGLVWLQFWLYH
FUDQLDOWUDLWVRIH. heidelbergensis3URVVLQJHUHWDO6WULQJHUD,Q1HDQGHUWKDOV
WKHSUHVHQFHRIODUJHVLQXVHVKDVEHHQUHODWHGWRSDUWLFXODUDQDWRPLFDOIHDWXUHVVXFKDVWKH


ODFNRIWKHFDQLQHIRVVDDQGWKHSUHVHQFHRIODUJHVXSUDRUELWDOWRUL&RRQ:ROSRII
EXWPRUHUHFHQWUHVHDUFKVKRZVWKDW1HDQGHUWKDOVGRQRWKDYHODUJHVLQXVHVUHODWLYHWR
PRGHUQKXPDQVZKHQFUDQLDOVL]HGLIIHUHQFHVDUHWDNHQLQWRDFFRXQW5DHHWDO
'HVSLWHPXOWLSOHVWXGLHVVLQXVIXQFWLRQVDUHVWLOOSRRUO\XQGHUVWRRG6HLGOHUHWDO
/DLWPDQ0iUTXH]6RPHUHVHDUFKHUVFRQVLGHUWKDWWKH\DUHELRORJLFDO
VSDQGUHOVDULVLQJDVDVWUXFWXUDOFRQVHTXHQFHRIFKDQJHVLQRWKHUERQHVDQGRUVWUXFWXUHV
UDWKHUWKDQEHFDXVHRIDVSHFLILFPHFKDQLVPDFWLQJWRFUHDWHWKHPRUWRVHUYHDQ\SDUWLFXODU
IXQFWLRQ(QORZ2¶+LJJLQVHWDO=ROOLNRIHUHWDO=ROOLNRIHUDQG
:HLVVPDQQ,UUHVSHFWLYHRIKRZWKH\IRUPHGRWKHUVKDYHVXJJHVWHGWKDWVLQXVHVKDYH
RQHRUPRUHSXWDWLYHIXQFWLRQVVXFKDVROIDFWLRQUHVSLUDWLRQWKHUPRUHJXODWLRQQLWULFR[LGH
SURGXFWLRQYRLFHUHVRQDQFHUHGXFWLRQRIVNXOOZHLJKWDQGFUDQLRIDFLDOELRPHFKDQLFV
7LOOLHU%ODQH\%RRNVWHLQHWDO5DHDQG.RSSH/DLWPDQ
/XQGEHUJ0iUTXH]7KHVHYLHZVDUHQRWQHFHVVDULO\RSSRVHGVLQFHDµVSDQGUHO¶
PLJKWVXEVHTXHQWO\WDNHRQDIXQFWLRQ
$VZLWKPRVWELRORJLFDOVWUXFWXUHV/HVQHDQG%RXUJLQHWKHPRUSKRJHQHVLVRI
WKHIURQWDOVLQXVLVSUREDEO\LPSDFWHGE\PXOWLSOHIDFWRUV2QHVXFKIDFWRUZKLFKKDVEHHQ
VXJJHVWHGWRGHWHUPLQHWKHPRUSKRORJ\RIWKHXSSHUIDFHDQGVRWKHPRUSKRJHQHVLVRIWKH
EURZULGJHDQGIURQWDOVLQXVLVWKHVSDWLDOUHODWLRQVKLSEHWZHHQWKHH\HVDQGWKHEUDLQ0RVV
DQG<RXQJ7KLVVSDWLDOK\SRWKHVLVSUHGLFWVWKDWLIWKHH\HVDUHSRVLWLRQHG
VXEVWDQWLDOO\DQWHULRUO\UHODWLYHWRWKHEUDLQWKHQELJEURZULGJHVGHYHORSWRILOOWKHµJDS¶
0RVVDQG<RXQJDQGIURQWDOVLQXVHVGHYHORSZLWKLQWKHPDVDE\SURGXFWRIIDFLDO
SURMHFWLRQ/LHEHUPDQ(YHQWKRXJKWKHVSDWLDOUHODWLRQVKLSEHWZHHQWKHQHXURFUDQLXP
DQGWKHIDFHDORQJZLWKIDFLDORULHQWDWLRQKDVEHHQGHPRQVWUDWHGWRLPSDFWIURQWDOVLQXV
IRUPLQKRPLQRLGV=ROOLNRIHUHWDORWKHUVWXGLHVKDYHH[DPLQHGWKHH[WHQWWRZKLFK
SDUDQDVDOVLQXVPRUSKRORJ\LVDOVRLPSDFWHGE\HQYLURQPHQWDOFRQGLWLRQVDQGDLU


FRQGLWLRQLQJE\LQYHVWLJDWLQJSRVVLEOHDVVRFLDWLRQVLQKXPDQVRWKHUSULPDWHVDQGQRQ
SULPDWHVEHWZHHQVLQXVVL]HDQGHQYLURQPHQWDOFRQGLWLRQV,WZDVIRXQGWKDWSHRSOHIURP
ODWLWXGHVZLWKFROGHUWHPSHUDWXUHVSUHVHQWVPDOOHUIURQWDO.RHUWYHO\HVV\DQG
PD[LOODU\VLQXVHV6KHD&RQYHUVHO\RWKHUVWXGLHVH[DPLQLQJWKHLQWHUDFWLRQEHWZHHQ
QDVDOFDYLW\DQGPD[LOODU\VLQXVYROXPHLQPRGHUQKXPDQVIRXQGWKDWSRSXODWLRQVIURPFROG
GU\FOLPDWHVSUHVHQWODUJHUVLQXVHVZKLFKDUHDVVRFLDWHGZLWKQDUURZHUWDOOHUDQGORQJHU
QDVDOFDYLWLHVUHODWLYHWRSRSXODWLRQVIURPKRWKXPLGFOLPDWHV+ROWRQHWDO%XWDULF
%XWDULFDQG0DGGX[7KXVPD[LOODU\VLQXVVL]HDSSHDUVWRYDU\VHFRQGDULO\WR
QDVDOPRUSKRORJ\DVLWDFFRPPRGDWHVPRUSKRORJLFDODGDSWDWLRQRIWKHQRVHWRWKH
HQYLURQPHQWOHDGLQJVHYHUDOUHVHDUFKHUVWRFRQFOXGHWKDWVLQXVHVDUHQRWGLUHFWO\LQYROYHGLQ
DLUFRQGLWLRQLQJ6KHD5DHHWDO2¶+LJJLQVHWDO5DHHWDO
+ROWRQHWDO%XWDULF%XWDULFDQG0DGGX[&RQVLVWHQWZLWKWKLVRWKHU
VSHFLHVVXFKDVPDFDTXHVIURPFROGFOLPDWHV5DHHWDO,WRHWDODQGFROG
UDLVHGUDWV5DHHWDODOVRSUHVHQWVPDOOHUPD[LOODU\VLQXVHVGXHWRLQFUHVHGQDVDO
FDYLW\VL]H
,QDUHFHQWVWXG\1REDFNHWDODVVHVVHGWKHDVVRFLDWLRQEHWZHHQPD[LOODU\DQG
IURQWDOVLQXVYROXPHDPRQJ1XELDQVDQG*UHHQODQGHUVILQGLQJQRDVVRFLDWLRQZLWK
JHRJUDSKLFRULJLQDSUR[\IRUFOLPDWHLQWKHPD[LOODU\VLQXVEXWVLJQLILFDQWO\VPDOOHUIURQWDO
VLQXVYROXPHVLQ*UHHQODQGHUVZKLFKWKH\QRWHGFRXOGEHGXHWRIDFWRUVVXFKDVSRSXODWLRQ
KLVWRU\UDWKHUWKDQFOLPDWH7KH\FRQFOXGHG³WKDWXVLQJVLQXVYROXPHWRVWXG\FOLPDWH
DGDSWDWLRQLQHLWKHUHomo sapiensRUHomo neanderthalensisLVSUREOHPDWLF´DQGWKDWWKLV
UHPDLQVWKHFDVH³DVORQJDVWKHIXQFWLRQDQGHYROXWLRQRIVLQXVYROXPHDQGVKDSHDUHQRW
ZHOOXQGHUVWRRGLQRXURZQVSHFLHV´1REDFNHWDO
 6HYHUDOVWXGLHVVXJJHVWWKDWPDVWLFDWRU\PHFKDQLFVLQIOXHQFHVLQXVPRUSKRJHQHVLVYLD
ERQHPHFKDQLFDODGDSWDWLRQWRVWUDLQVH[SHULHQFHGGXULQJPHFKDQLFDOWDVNV6WUDLQVFDQEH


GLUHFWO\PHDVXUHGRUSUHGLFWHGE\)LQLWH(OHPHQW$QDO\VLV)($DFRPSXWDWLRQDOWRROWKDW
FDQEHXVHGWRVLPXODWHFRPSOH[ORDGLQJVFHQDULRVDQGWKHUHVXOWLQJVWUDLQLQJRIVNHOHWDO
VWUXFWXUHV+XWWRQ,WKDVEHHQXVHGLQFUHDVLQJO\WRLQYHVWLJDWHFUDQLRIDFLDO
ELRPHFKDQLFVLQKXPDQHYROXWLRQ6WUDLWHWDO:URHHWDO:LW]HO
6PLWK/HGRJDUHWDODQGZDVHPSOR\HGE\:LW]HODQG3UHXVFKRIW
WRLQYHVWLJDWHKRZPDVWLFDWRU\V\VWHPORDGLQJLQWHUDFWVZLWKDQGLQIOXHQFHVVNXOO
PRUSKRORJ\:KHQPRGHOOLQJWKHFUDQLXPDVDEORFNPDWHULDODQGVLPXODWLQJELWLQJWKH\
IRXQGWKDWWKHLQILOOHGUHJLRQVZKHUHWKHVLQXVHVDUHORFDWHGH[SHULHQFHORZVWUHVVHVDQG
VWUDLQVZKHQFRPSDUHGWRRWKHUUHJLRQVRIWKHFUDQLRIDFLDOFRPSOH[%HFDXVHERQHDGDSWVWR
WKHPHFKDQLFDOHQYLURQPHQW&XUUH\WKHVHKROORZVSDFHVDULVLQJLQSDUWLFXODUWKURXJK
VHFRQGDU\SQHXPDWL]DWLRQPLJKWEHWKHFRQVHTXHQFHRIELRPHFKDQLFDOERQHDGDSWLRQWR
WKHVHORZVWUHVVHVHQDEOLQJWKHFUDQLXPWRUHVLVWPHFKDQLFDOORDGLQJZKLOHPLQLPL]LQJERQH
PDWHULDO:LW]HODQG3UHXVFKRIW:LW]HO7KHLGHDWKDWVLQXVHVRFFXS\UHJLRQVRI
ORZVWUHVVDQGVRKDYHQRVSHFLILFPHFKDQLFDOUROHLVVXSSRUWHGE\WKHZRUNRI)LWWRQHWDO
ZKRQRWHGPLQLPDOHIIHFWVRQIDFLDOVWUDLQVGXULQJ)($VLPXODWHGELWLQJLQD
PDFDTXHZKHQWKHPD[LOODU\VLQXVLVLQILOOHG%RRNVWHLQHWDODQG3URVVLQJHUHWDO
QRWHWKDW3HWUDORQDKDVDQH[WUHPHO\HQODUJHGIURQWDOVLQXVWKDWLVGHOLPLWHGE\YHU\
WKLQLQWHUQDODQGH[WHUQDOWDEOHVRIWKHIURQWDOERQH:LWKLQWKHVLQXVWKHUHLVDODPHOODU
KRQH\FRPEOLNHVWUXFWXUHWKDWPD\EHUHODWHGWRWKHUHVROXWLRQRIPDVWLFDWRU\ORDGV
UHLQIRUFLQJWKLVUHJLRQDJDLQVWGHIRUPDWLRQVDULVLQJGXULQJELWLQJZKLOHDOORZLQJDGHFUHDVH
LQERQHPDVVDQGVXEVHTXHQWWKLQQLQJRIWKHLQWHUQDODQGH[WHUQDOWDEOHVRIWKHIURQWDOERQH
*UHHQHDQG6FRWWDOVRVXJJHVWERQHPHFKDQLFDODGDSWDWLRQRIWKHIURQWDOERQH
LQIOXHQFHVIURQWDOVLQXVIRUPLQWKH:DGL+DOID0HVROLWKLFSRSXODWLRQSURSRVLQJWKDWWKH
IUHTXHQF\RIIURQWDOVLQXVDEVHQFHLVGXHWRKHDY\PDVWLFDWRU\ORDGLQJ


,QFRQWUDVWVHYHUDOUHVHDUFKHUVUHIXWHDQ\DVVRFLDWLRQEHWZHHQVLQXVPRUSKRORJ\DQG
ELRPHFKDQLFDOORDGLQJ2QHRIWKHPDLQDUJXPHQWVKDVEHHQWKDWFLUFXPRUELWDOVWUXFWXUHV
VXFKDVWKHEURZULGJHDQGIURQWDOVLQXVH[SHULHQFHYHU\ORZPDJQLWXGHVWUHVVHVDQGRU
VWUDLQVGXULQJPDVWLFDWRU\V\VWHPORDGLQJWKXVSUHFOXGLQJPHFKDQLFDOERQHDGDSWDWLRQWR
PDVWLFDWRU\ORDGLQJ3LFTDQG+\ODQGHU+\ODQGHUHWDO5DYRVDHWDO
+\ODQGHUDQG-RKQVRQ5DHDQG.RSSHGHPRQVWUDWHGWKDWPD[LOODU\VLQXV
YROXPHLVQRWVLJQLILFDQWO\GLIIHUHQWEHWZHHQWKHIUXJLYRUHCebus albifronsDQGWKHKDUG
REMHFWIHHGHUCebus apellaZKLFKDUHFORVHO\SK\ORJHQHWLFDOO\UHODWHG7KXVVLQXVVL]H 
DSSHDUVWREHLQGHSHQGHQWRIGLIIHUHQWGLHWVWKDWOHDGWRGLIIHUHQWPDVWLFDWRU\V\VWHPORDGV
,QKRPLQLQVVLQXVIRUPYDULDWLRQKDVEHHQFRQVLGHUHGWREHUHODWHGWRDLU
FRQGLWLRQLQJERQHPHFKDQLFDODGDSWDWLRQWRPDVWLFDWRU\DQGSDUDPDVWLFDWRU\ORDGLQJDQG
VSDWLDOFRQVWUDLQWVEHWZHHQGLIIHUHQWDQDWRPLFDOFRPSRQHQWVRIWKHFUDQLXP:LWKUHVSHFWWR
WKHODWWHU=ROOLNRIHUHWDOH[DPLQHWKHUHODWLRQVKLSEHWZHHQVLQXVPRUSKRORJ\DQG
FUDQLDOIRUPXVLQJH[WDQWKRPLQRLGVDQGPLG3OHLVWRFHQHIRVVLOKRPLQLQV7KH\VKRZWKDW
IURQWDOVLQXVIRUPFRUUHODWHVZLWKWKHVSDWLDOUHODWLRQVKLSEHWZHHQWKHIDFHDQGWKHFUDQLDO
YDXOWDQGWKHRULHQWDWLRQRIWKHIDFH:KLOHWKHUHVXOWVRI=ROOLNRIHUHWDOVXSSRUWWKH
QRWLRQWKDWVLQXVHVDUHELRORJLFDOVSDQGUHOVFRQVLVWHQWZLWKWKHVSDWLDOK\SRWKHVLV0RVVDQG
<RXQJRWKHUVWXGLHVH[DPLQHWKHSRVVLEOHDVVRFLDWLRQEHWZHHQVLQXVHVDQGFOLPDWH
0XFKRIWKLVUHVHDUFKKDVIRFXVHGRQ1HDQGHUWKDOVZKLFKOLYHGGXULQJJODFLDOSHULRGVDQG
SUHVHQWSRVWFUDQLDOFKDUDFWHULVWLFVFRQVLVWHQWZLWKFROGDGDSWDWLRQ+ROOLGD\&KXUFKLOO
6WHHJPDQHWDO7KXVVHYHUDOFUDQLDOIHDWXUHVVXFKDVODUJHQDVDOFDYLWLHVDQG
VLQXVHV/DLWPDQHWDO&KXUFKLOO7DWWHUVDOODQG6FKZDUW]KDYHEHHQ
K\SRWKHVL]HGWREHDGDSWDWLRQVWRFRQGLWLRQLQJRIUHVSLUHGDLU7KHQRWLRQRI
K\SHUSQHXPDWL]DWLRQRIWKLVVSHFLHVKDVEHHQFKDOOHQJHG=ROOLNRIHUHWDO5DHHWDO
,QIDFW5DHHWDOSURSRVHWKDW1HDQGHUWKDOFUDQLDDUHQHLWKHU


K\SHUSQHXPDWL]HGQRUFROGDGDSWHGVXJJHVWLQJWKDWVLQXVIRUPLQH. neanderthalensisUHODWHV
WRRWKHUIDFWRUVVXFKDVSDUDPDVWLFDWRU\PHFKDQLFVEXWVHHWKHUHVSRQVHE\+ROWRQHWDO
>@WRWKDWVWXG\
$OWKRXJKQRVWXGLHVKDYHDGGUHVVHGWKHLPSDFWRISDUDPDVWLFDWRU\EHKDYLRURQVLQXV
IRUPPDVWLFDWRU\PHFKDQLFVKDVEHHQUHODWHGWRVLQXVPRUSKRORJ\DQGPRUSKRJHQHVLV$V
PHQWLRQHGDERYHWKHSUHVHQFHRIERQ\VWUXWVLQVLGHWKHIURQWDOVLQXVRIWKH3HWUDORQDFUDQLXP
DQGWKHWKLFNQHVVRIWKHLQWHUQDODQGH[WHUQDOWDEOHVRIWKHIURQWDOERQHFLUFXPVFULELQJWKH
VLQXVKDYHEHHQK\SRWKHVL]HGWRUHODWHWRELWLQJPHFKDQLFV%RRNVWHLQHWDO3URVVLQJHU
HWDO,QDQRWKHUVWXG\LQZKLFK:LW]HOXVHG)($DQGPRGHOOHGWKHFUDQLXPDV
DEORFNZLWKWKHEUDLQQDVDODQGRUELWDOFDYLWLHVIRUPDWLRQRIVLQXVHVZDVSUHGLFWHGLQD
1HDQGHUWKDOEDVHGRQPDVWLFDWRU\PHFKDQLFVDORQH7KXVZKLOHWKHUHLVHYLGHQFHWKDWVLQXVHV
LQKRPLQLQVDUHWKHUHVXOWRIWKHVSDWLDOUHODWLRQVKLSEHWZHHQGLIIHUHQWFRPSRQHQWVRIWKH
FUDQLXPLHWKHEUDLQDQGH\HVLQWKHFDVHRIWKHIURQWDOVLQXV=ROOLNRIHUHWDOWKHUH
LVDOVRVRPHHYLGHQFHVXJJHVWLQJWKDWPDVWLFDWRU\PHFKDQLFVLPSDFWVVLQXVPRUSKRJHQHVLV
:LW]HO7KHVHWZRYLHZVDUHQRWQHFHVVDULO\RSSRVHGDQGPD\ZRUNLQFRQFHUWDVWKH
VWUXFWXUDOUHODWLRQVKLSVDPRQJFUDQLDOFRPSRQHQWVGHWHUPLQHWKHVSDFHDYDLODEOHIRUVLQXVHV
DQGORFDOVWUDLQILHOGV7KHVHLQWXUQLQIOXHQFHVLQXVPRUSKRJHQHVLVHQDEOLQJPD[LPL]DWLRQ
RIPHFKDQLFDOIXQFWLRQZKLOHPLQLPL]LQJERQHPDWHULDO2
+LJJLQVHWDO=ROOLNRIHUHW
DO
7KHSUHVHQWVWXG\UHDGGUHVVHVWKHLPSDFWRIELWLQJPHFKDQLFVRQIURQWDOVLQXVIRUPE\
DVVHVVLQJWKHELRPHFKDQLFDOUHOHYDQFHRIWKHIURQWDOVLQXVLQ.DEZHDQGLIPDVWLFDWRU\
V\VWHPPHFKDQLFDOORDGLQJPLJKWLPSDFWRQLWVPRUSKRJHQHVLVEDVHGRQWKHSULQFLSOHRIERQH
DGDSWDWLRQWRORDGV7KLVPLGGOH3OHLVWRFHQH±NDPDOHH. heidelbergensisFUDQLXP
ZDVUHFRYHUHGIURP=DPELD6FKZDUW]DQG7DWWHUVDOO6WULQJHUDHomo 
heidelbergensisKDVEHHQVXJJHVWHGWREHK\SHUSQHXPDWL]HG6HLGOHUHWDO3URVVLQJHU


HWDO=ROOLNRIHUHWDO6WULQJHUDSUHVHQWLQJVLQXVHVWKDWDUHODUJHUWKDQ
DYHUDJHLQKRPLQLQVHYHQZKHQVL]HLVDFFRXQWHGIRUPDNLQJWKLVVSHFLHVDJRRGFKRLFHIRU
WKHVWXG\RILQWHUDFWLRQVEHWZHHQVLQXVIRUPDQGPDVWLFDWRU\V\VWHPORDGLQJLQKXPDQ
HYROXWLRQ
.DEZHLVDQH[WUHPHO\YHU\ZHOOSUHVHUYHGVSHFLPHQWKDWGLVSOD\VDYHU\SURPLQHQW
EURZULGJH)LJFRQWDLQLQJDYHU\ZHOOGHYHORSHGIURQWDOVLQXVZLWKDKRQH\FRPEOLNH
VWUXFWXUHZLWKLQLW7KLVLVVLPLODUWRWKH3HWUDORQDVNXOOLQZKLFKWKHSUHVHQFHRI
KRQH\FRPELQJLVVXJJHVWHGWRUHIOHFWORDGLQJKLVWRU\6HLGOHUHWDO%RRNVWHLQHWDO
3URVVLQJHUHWDO$VVXFKLWLVWREHH[SHFWHGWKDWUHPRYDORIWKHVHVWUXWVZLOO
OHDGWRLQFUHDVHGVWUDLQVORFDOO\DQGSODXVLEO\PRUHZLGHO\RYHUWKHIDFHDQGIURQWDO%H\RQG
WKLVWKHSUHFHGLQJUHYLHZKDVKLJKOLJKWHGSULRUZRUNWKDWVXJJHVWVWKHVLQXVLWVHOIPD\H[LVW
ZLWKLQDUHJLRQRIWKHIDFLDOVNHOHWRQWKDWH[SHULHQFHVYHU\ORZVWUDLQVDQGWKHVHFRXOGLQ
WXUQLPSDFWVLQXVPRUSKRJHQHVLV:LW]HO,QFRQVHTXHQFHLQILOOLQJRIWKHVLQXVVKRXOG
KDYHOLWWOHRUQRLPSDFWRQVWUDLQVORFDOO\RUPRUHZLGHO\DQGVWUDLQVZLWKLQWKHLQILOOHGVLQXV
DUHH[SHFWHGWREHYHU\ORZ
,QHYLWDEO\PRGLILFDWLRQVRIWKHIURQWDOVLQXVE\DGGLQJRUUHPRYLQJPDWHULDOZLOO
KDYHDVPDOOHIIHFWDWOHDVWORFDOO\RQWKHDELOLW\WRUHVLVWGHIRUPDWLRQZKHQORDGHG7RDVVHVV
ZKHWKHUDQ\VXFKHIIHFWLVODUJHRUVPDOOZHFRPSDUHGLIIHUHQFHVLQVWUDLQVGXHWRVLQXV
ILOOLQJWRWKHSHDNVWUDLQVDFKLHYHGLQHDFKIDFHGXULQJVLPXODWHGELWLQJDQGWRWKHGLIIHUHQFHV
LQPRGHVDQGPDJQLWXGHVRIVWUDLQVDQGODUJHVFDOHGHIRUPDWLRQVWKDWRFFXUEHWZHHQGLIIHUHQW
ELWHSRLQWV$VPDOOGLIIHUHQFHZLWKUHVSHFWWRWKHVHZRXOGLQGLFDWHWKDWWKHIURQWDOVLQXVLV
FRQVWUXFWHGLQVXFKDZD\WKDWFUDQLRIDFLDOVWUDLQVDUHODUJHO\XQDIIHFWHGE\LWVSUHVHQFH
ZKLOHDODUJHGLIIHUHQFHZRXOGLQGLFDWHWKHRSSRVLWHWKDWWKHIURQWDOVLQXVFRPHVDWDµFRVW¶LQ
WHUPVRISHUIRUPDQFHZKHQUHVLVWLQJELWLQJ


7RLQYHVWLJDWHWKLVZHDVVHVVWKHH[WHQWWRZKLFKVWUDLQPDJQLWXGHVDQG
GLUHFWLRQVH[SHULHQFHGE\WKHFUDQLXPGXULQJVLPXODWHGELWLQJDUHDIIHFWHGE\UHPRYLQJWKH
KRQH\FRPEOLNHVWUXFWXUHDQGVWUDLQPDJQLWXGHVDQGGLUHFWLRQVH[SHULHQFHGE\WKH
FUDQLXPDUHDIIHFWHGE\LQILOOLQJWKHIURQWDOVLQXV

0DWHULDOVDQGPHWKRGV
7KH.DEZHVNXOOZDVYLUWXDOO\UHFRQVWUXFWHG)LJEDVHGRQDFRPSXWHG
WRPRJUDSK\&7VFDQRIWKHIRVVLOWKDWZDVSURYLGHGE\WKH1DWXUDO+LVWRU\0XVHXP
/RQGRQFRXUWHV\RI5REHUW.UXV]\QVNL$IWHUUHFRQVWUXFWLRQWKHDQDWRP\RIWKHIURQWDO
VLQXVZDVPRGLILHG7KHXQPRGLILHGDQGPRGLILHGUHFRQVWUXFWLRQVZHUHWKHQGLUHFWO\
FRQYHUWHGLQWRYR[HOEDVHGILQLWHHOHPHQWPRGHOV7KHVHZHUHXVHGWRVLPXODWHWKUHHGLIIHUHQW
ELWHVOHIWFHQWUDOLQFLVRUOHIWVHFRQGSUHPRODUOHIWVHFRQGPRODUWRDVVHVVWKHELRPHFKDQLFDO
SHUIRUPDQFHRIWKHIDFLDOVNHOHWRQZLWKDQGZLWKRXWDQLQILOOHGIURQWDOVLQXVGXULQJELWLQJ

Skull reconstruction and model creation 
7KHUHFRQVWUXFWLRQRI.DEZHLVWKRURXJKO\GHVFULEHGE\*RGLQKRDQG2
+LJJLQV
DQGEULHIO\VXPPDUL]HGKHUH$PHGLFDO&7VWDFNZLWKRULJLQDOO\DQLVRPHWULFYR[HO
VL]H[[PPZDVUHVDPSOHGWRSURGXFHLVRPHWULFYR[HOVPP
$XWRPDWHGVHPLDXWRPDWHGDQGPDQXDOVHJPHQWDWLRQRIWKHFUDQLXPZDVWKHQSHUIRUPHG
XVLQJ$YL]RYHUVLRQ0DQXDOVHJPHQWDWLRQZDVUHTXLUHGWRH[FOXGHIURPWKHPRGHO
VHGLPHQWDU\PDWUL[SUHVHQWLQWKHPD[LOODU\DQGVSKHQRLGDOVLQXVHV'HVSLWHRXWVWDQGLQJ
SUHVHUYDWLRQVHYHUDODQDWRPLFDOUHJLRQVRIWKHFUDQLXPUHTXLUHGUHFRQVWUXFWLRQWRUHSDLU
GDPDJHIURPWDSKRQRPLFDQGSDWKRORJLFDOSURFHVVHV7KHVHLQFOXGHWKHDOYHRODUUHJLRQVRI


WKHPD[LOODWKHULJKWDQGOHIWWHPSRUDOERQHVWKHRFFLSLWDOWKHULJKWSDULHWDOWKHVSKHQRLG
WKHRUELWDOUHJLRQRIERWKPD[LOODHDQGVHYHUDOWHHWK:KHUHSRVVLEOHUHFRQVWUXFWLRQZDV
SHUIRUPHGE\PLUURULQJSUHVHUYHGFRQWUDODWHUDOHOHPHQWVDQGZDUSLQJWKHPWRH[LVWLQJ
VWUXFWXUHV:KHQVPDOOJDSVZHUHSUHVHQW*HRPDJLF6WXGLRZDVXVHGWRILOOWKHP
XVLQJWKHVXUIDFHRIWKHVXUURXQGLQJVWUXFWXUHVDVWKHUHIHUHQFHIRULQWHUSRODWLRQ3RUWLRQVRID
FDGDYHULFH. sapiensVNXOOZHUHXVHGWRUHFRQVWUXFWSDUWRIWKHRFFLSLWDODQGPLVVLQJWRRWK
FURZQVZKHUHQRDQWLPHUHVZHUHSUHVHQW)LJ5HFRQVWUXFWLRQRIWKHUHJLRQVDIIHFWHGE\
SDWKRORJLFDOSURFHVVHVZDVPLQLPDODQGORFDOL]HGDQGVRXQOLNHO\WRKDYHDIIHFWHGWKHUHVXOWV
RIWKH)($VLPXODWLRQVRIWKLVVWXG\
7KUHHPRGHOVZHUHWKHQFUHDWHGEDVHGRQWKLVUHFRQVWUXFWLRQ0RGHOUHSUHVHQWVWKH
UHFRQVWUXFWLRQZLWKWKHKRQH\FRPEOLNHGVWUXFWXUHRIWKHIURQWDOVLQXVUHPRYHG0RGHO
UHSUHVHQWVWKHRULJLQDOUHFRQVWUXFWLRQZLWKQRDOWHUDWLRQRIWKHVLQXVDQGLQ0RGHOWKH
VLQXVZDVFRPSOHWHO\LQILOOHG)LJ9R[HOEDVHGILQLWHHOHPHQWPRGHOVZHUHWKHQ
JHQHUDWHGE\GLUHFWFRQYHUVLRQXVLQJWKHEHVSRNHYR[YHFVRIWZDUHWRRODQGLPSRUWHGLQWR
9R[)()DJDQHWDOWREHORDGHGDQGFRQVWUDLQHG

Constraints 
&RQVWUDLQWVDUHXVHGWRIL[WKHFUDQLXPLQVSDFHDQGWRUHIOHFWWKHORDGLQJRIWKH
WHPSRURPDQGLEXODUMRLQWVDQGWHHWKGXULQJELWLQJ,GHQWLFDOFRQVWUDLQWVZHUHDSSOLHGWRDOO
PRGHOVXVLQJWKH)($VRIWZDUH9R[)()DJDQHWDODWHDFKWHPSRURPDQGLEXODUMRLQW
QRGHVLQWKH[\DQG]D[LVDQGDWKLUGFRQVWUDLQWZDVDSSOLHGVXFFHVVLYHO\DWHDFKRIWKH
ELWHSRLQWVOHIWFHQWUDOLQFLVRUOHIWVHFRQGSUHPRODUOHIWVHFRQGPRODUQRGHVLQWKH]
D[LV



Material properties 
3ULRUVHQVLWLYLW\VWXGLHVRQDFDGDYHULFKXPDQKHDG7RUR,EDFDFKHHWDODQG
LQWKHFUDQLXPRIMacaca fascicularis)LWWRQHWDOKDYHVKRZQRQO\PLQRUDQG
ORFDOL]HGHIIHFWVZKHQWKHVDPHPDWHULDOSURSHUWLHVRIFRUWLFDOERQHDUHHTXDOO\DSSOLHGWR
FRUWLFDOERQHWUDEHFXODUERQHDQGWHHWKUDWKHUWKDQWKHLURZQVSHFLILFPDWHULDOSURSHUWLHV
7KHVHVWXGLHVVKRZWKDWZLWKWKHH[FHSWLRQRIWKHDOYHROXVQHDUWKHELWLQJSRLQWPRGHO
VLPSOLILFDWLRQUHVXOWVLQVLPLODUVSDWLDOGLVWULEXWLRQVRIUHJLRQVH[SHULHQFLQJKLJKDQGORZ
VWUDLQPDJQLWXGHVEXWVWUDLQPDJQLWXGHVDUHUHGXFHGRQDYHUDJH7KXVVLPSOLILFDWLRQUHVXOWV
LQDµVWLIIHU¶PRGHOWKDWGHIRUPVOHVVEXWLQDVLPLODUZD\PRGHRIGHIRUPDWLRQWRDPRUH
FRPSOH[PRGHOWKDWGLVWLQJXLVKHVWKHPDWHULDOSURSHUWLHVRIFRUWLFDOERQHWUDEHFXODUERQH
DQGWHHWK7KLVLVUHOHYDQWWRWKHSUHVHQWVWXG\EHFDXVHWUDEHFXODUERQHLVQHLWKHUZHOO
SUHVHUYHGQRULPDJHGDWVXIILFLHQWUHVROXWLRQLQWKHIRVVLOWRDFFXUDWHO\GLVWLQJXLVKLWIURP
FRUWLFDOERQHLQDILQLWHHOHPHQWPRGHO7KXVLQWKHSUHVHQWVWXG\WHHWKDQGWUDEHFXODUERQH
DQGWKHPDWHULDOWKDWLQILOOVWKHIURQWDOVLQXVLQRXUH[SHULPHQWDOPDQLSXODWLRQVZHUH
DVVLJQHGWKHVDPHPDWHULDOSURSHUWLHVDVFRUWLFDOERQHLQDOOWKHPRGHOV$OOZHUHDOORFDWHG
LVRWURSLFSURSHUWLHVZLWKD<RXQJ¶VPRGXOXVRI*3DDQGD3RLVVRQ¶VUDWLRQRI7KH
PRGXOXVRIHODVWLFLW\ZDVGHULYHGIURPQDQRLQGHQWDWLRQVWXGLHVRIFRUWLFDOERQHLQD
FDGDYHULFH. sapiensVNXOO7RUR,EDFDFKHHWDO7KHUHVXOWLQJYDOXHRI*3DLV
ZLWKLQWKHUDQJHRIYDOXHVIRXQGLQSUHYLRXVVWXGLHV'HFKRZHWDO6FKZDUW]'DEQH\
DQG'HFKRZ

Muscle loads 


/RDGVZHUHDSSOLHGWRVLPXODWHWKHDFWLRQVRIVL[PXVFOHVDFWLYHGXULQJELWLQJULJKW
DQGOHIWWHPSRUDOLVULJKWDQGOHIWPDVVHWHUVULJKWDQGOHIWPHGLDOSWHU\JRLGV/DFNRIWKH
PDQGLEOHSUHFOXGHVGLUHFWHVWLPDWLRQRIWKHGLUHFWLRQRIPXVFOHIRUFHYHFWRUVDQGWKHXVHRI
ERQ\SUR[LHVWRHVWLPDWHDQDWRPLFDOFURVVVHFWLRQDODUHDVDQGVRPD[LPXPIRUFHVRI
PXVFOHVWKDWDWWDFKWRWKHPDQGLEOHPDVVHWHUDQGPHGLDOSWHU\JRLG+RZHYHUVLQFHWKLV
VWXG\LVQRWFRQFHUQHGZLWKPDJQLWXGHVRIELWHIRUFHVQRUZLWKSUHGLFWLQJUHDODEVROXWH
VWUDLQVLWPDWWHUVOLWWOHZKDWDFWXDOIRUFHVDUHDSSOLHGDVORQJDVWKH\DUHLGHQWLFDOLQHDFK
PRGHODQGDSSUR[LPDWHSK\VLRORJLFDOYHFWRUV$VVXFKDQGEHFDXVHZHGLGQRWKDYHDFFHVV
WRWKH0DXHUPDQGLEOHWKHKRORW\SHVSHFLPHQRIH. heidelbergensisZHDSSOLHGPXVFOH
IRUFHVWRHDFKPRGHOWKDWZHUHGHULYHGIURPDH. sapiensFDGDYHULFKHDG7RUR,EDFDFKHHW
DOVHH7DEOHDQGGLUHFWLRQVRIWKHPXVFOHIRUFHYHFWRUV)LJZHUHHVWLPDWHGE\
VFDOLQJDH. neanderthalensisPDQGLEOH7DEXQVSHFLPHQWRWKH.DEZHVNXOOWRSURYLGH
HVWLPDWHVRIWKHORFDWLRQVRIPXVFOHDWWDFKPHQWVRQWKHPDQGLEOH

Model solution and data analysis 
7KHILQLWHHOHPHQWPRGHOVZHUHVROYHGXVLQJ9R[)($QDO\VLVDQGFRPSDULVRQRIWKH
UHVXOWVHPSOR\HGWKUHHGLIIHUHQWDSSURDFKHV)LUVWVWUDLQVDUHXVHGWRGHVFULEHORFDO
GHIRUPDWLRQDWHDFKQRGHTXDOLWDWLYHDVVHVVPHQWRIDPD[LPXPİDQGPLQLPXPİ
SULQFLSDOVWUDLQPDJQLWXGHVRYHUWKHFUDQLDOVXUIDFHRQZKLFKWKHVHDUHWKHRQO\WZRVWUDLQV
ZLWKPHDQLQJIXOPDJQLWXGH²VXUIDFHLVWZRGLPHQVLRQDO>'@EPD[LPXPİVHFRQG
İDQGPLQLPXPİSULQFLSDOVWUDLQPDJQLWXGHVWKURXJKDPLGVDJLWWDOFURVVVHFWLRQ
ZKHUHEHLQJDWKUHHGLPHQVLRQDO>'@YROXPHWKHUHDUHWKUHHDQGFGLUHFWLRQVRIİDQG
İSULQFLSDOVWUDLQVRYHUWKHH[WHUQDOVXUIDFHRIWKHIURQWDOVTXDPDUHVXOWVQRWVKRZQEHFDXVH
WKH\GLIIHUOLWWOH6HFRQGPDJQLWXGHVDUHSORWWHGRIİDQGİDWSRLQWVLGHQWLFDOO\ORFDWHG


LQHDFKPRGHORQWKHVXUIDFHRIWKHIURQWDOERQHVDQGRQWKHVXUIDFHRIWKHIDFLDOVNHOHWRQ
)LJ7KLUGDJHRPHWULFPRUSKRPHWULF*0DQDO\VLVRIJOREDOPRGHVRIGHIRUPDWLRQRI
WKHFUDQLXPLVFDUULHGRXWXVLQJODQGPDUNVRQWKHFUDQLRIDFLDOVNHOHWRQ7DEOH
0HWKRGUHOLHVRQYLVXDODVVHVVPHQWRIFKDQJHVLQWKHVWUDLQFRQWRXUSORWVDQGRIWKH
GLUHFWLRQVRIWKHYHFWRUV0HWKRGYLVXDOO\FRPSDUHVVWUDLQPDJQLWXGHVE\SORWWLQJ
PDJQLWXGHVDULVLQJIURPHDFKVLPXODWHGELWH0HWKRGHPSOR\V*0WRFRPSDUHODUJHVFDOH
FKDQJHVLQVL]HDQGVKDSHEHWZHHQWKHXQORDGHGDQGORDGHGPRGHOV7KLVFRQVLVWVRIDQLQLWLDO
JHQHUDOL]HG3URFUXVWHVDQDO\VLVIROORZHGE\UHVFDOLQJE\FHQWURLGVL]HDQGWKHQDSULQFLSDO
FRPSRQHQWVDQDO\VLV3&$RIWKHUHVXOWLQJVL]HDQGVKDSHFRRUGLQDWHV2
+LJJLQV
=HOGLWFKHWDO7KLVDQDO\VLVOHDGVWRDTXDQWLWDWLYHDSSUDLVDORIGLIIHUHQFHVLQJOREDO
PRGHOGHIRUPDWLRQVKHUHGHILQHGDVFKDQJHVLQVL]HDQGVKDSHLQWHUPVRIYHFWRUVDQG
PDJQLWXGHVRIGHIRUPDWLRQDULVLQJIURPORDGLQJ

5HVXOWV
7KHVWUDLQFRQWRXUSORWV)LJV±WKHVWUDLQYHFWRUGLUHFWLRQV)LJDQGWKHVWUDLQ
PDJQLWXGHVH[WUDFWHGIURPWKHSRLQWVLQWKHIURQWDOERQHDQGWKHSRLQWVLQWKHIDFH
)LJVDQGFRQVLVWHQWO\VKRZWKDWKROORZLQJRXWRULQILOOLQJWKHIURQWDOVLQXVKDVOLWWOH
HIIHFW7KXV)LJXUHVDQGVKRZWKDWUHODWLYHWRWKHGLIIHUHQFHVLQVWUDLQPDJQLWXGH
PDQLIHVWDPRQJDQDWRPLFDOUHJLRQVWKDWKDYHQRWEHHQPDQLSXODWHGWKHHIIHFWVRQVWUDLQ
PDJQLWXGHVDUHVPDOORYHUWKHIURQWDOLWVHOIDQGH[WUHPHO\VPDOORUQRQH[LVWHQWRYHUPXFKRI
WKHFUDQLXP)XUWKHUFRPSDUHGWRWKHVPDOOGLIIHUHQFHVLQVWUDLQYHFWRUGLUHFWLRQVRYHUWKH
IURQWDOERQHH[SHULHQFHGE\WKHXQPRGLILHGFUDQLXPZKHQVLPXODWLQJHDFKRIWKHWKUHH
GLIIHUHQWELWHVFHQWHUFROXPQRI)LJWKHGLIIHUHQFHVLQVWUDLQGLUHFWLRQVGXHWRKROORZLQJ
RXWRULQILOOLQJRIWKHIURQWDOVLQXVOHIWDQGULJKWFROXPQVRI)LJDUHWKHPVHOYHVVPDOO


7KHVWUDLQFRQWRXUSORWVDUHYHU\VLPLODUIRUHDFKRIWKHELWHVZLWKQRPDUNHG
GLIIHUHQFHVERWKLQİDQGİEHWZHHQWKHPRGHOVZLWKDFRPSOHWHO\KROORZIURQWDOVLQXV
PRGHODQGDIURQWDOVLQXVZLWKWUDEHFXODHIRUPLQJDKRQH\FRPEOLNHVWUXFWXUHPRGHO
6OLJKWORFDOL]HGGHFUHDVHVLQVWUDLQPDJQLWXGHDUHREVHUYHGEHWZHHQWKHKROORZDQG
KRQH\FRPEPRGHOVDQGWKHLQILOOHGVLQXVPRGHO7KLVLVDSSDUHQWLQWKHRXWHUWDEOHRIWKH
IURQWDOERQHWRZDUGVWKHPLGOLQHIRUİ)LJV>VHHDUURZ@DQG,WVKRXOGDOVREHQRWHG
WKDWLQWKHLQILOOHGVLQXVPRGHOVWUDLQPDJQLWXGHVDUHFRQVLVWHQWO\ORZZLWKLQWKHPDWHULDO
LQILOOLQJWKHVLQXVGXULQJDOOVLPXODWHGELWHV)LJ>VHHDUURZ@7KHVHUHVXOWVDUHFRQVLVWHQW
ZLWKWKHSORWVRIVWUDLQPDJQLWXGHVH[WUDFWHGIURPWKHIURQWDOERQH)LJZKHUHPRGHOV
DQGDOPRVWFRPSOHWHO\RYHUODSERWKLQİDQGİ$JDLQDVLQWKHVWUDLQFRQWRXUSORWV
PRGHOVKRZVDGHFUHDVHLQWKHVWUDLQPDJQLWXGHVH[SHULHQFHGDORQJDQGFORVHWRWKH
PLGOLQHRIWKHIURQWDOERQH)LJVDQGEXWZKHQFRQVLGHULQJWKHIXOOUDQJHRIVWUDLQ
PDJQLWXGHVH[SHULHQFHGE\WKHFUDQLXPWKLVGHFUHDVHLVSURSRUWLRQDWHO\YHU\VPDOO&KDQJHV
LQWKHIURQWDOVLQXVKDYHHYHQOHVVLQGHHGDOPRVWQRLPSDFWRQWKHVWUDLQPDJQLWXGHV
H[WUDFWHGIURPWKHIDFH)LJ,WVKRXOGEHQRWHGWKDWWKHUHDFWLRQIRUFHPHDVXUHGDWHDFK
ELWHSRLQWLQHDFKPRGHOGLGQRWYDU\EHWZHHQPRGHOVLQGLFDWLQJWKDWWKHVPDOOGLIIHUHQFHVLQ
VWUDLQVWKDWZHREVHUYHDUHQRWGXHWRRYHUDOOFKDQJHVLQFUDQLDOVWLIIQHVVDVDUHVXOWRI
H[SHULPHQWDOPDQLSXODWLRQV
 7KHUHVXOWVRIWKH*0DQDO\VLVRIJOREDOPRGHVDQGPDJQLWXGHVRIGHIRUPDWLRQDUH
DJDLQFRQVLVWHQWZLWKWKHSDWWHUQRIGLIIHUHQFHVLQVWUDLQPDJQLWXGHVSUHGLFWHGLQWKHGLIIHUHQW
PRGHOVGXULQJWKHWKUHHVLPXODWHGELWHV)LJXUHZLWKPRGHOVWLJKWO\FOXVWHULQJE\ELWHSRLQW
UDWKHUWKDQE\W\SHRIVLQXVVKRZVWKDWFKDQJHVLQELWHSRLQWFOHDUO\LPSDFWPXFKPRUHRQ
PRGHRIGHIRUPDWLRQWKDQFKDQJHVLQWKHVLQXV7KHPRGHOWKDWLQYDULDEO\GHIRUPVOHVVLV
FORVHUWRWKHXQORDGHGPRGHOLQDOOELWHVLVWKDWZLWKWKHLQILOOHGVLQXVDQGWKHUHPDLQLQJWZR
DUHYHU\FORVHWRHDFKRWKHULQGHHGWKHPDUNHUVLQWKHSORWRYHUODS7KHVHILQGLQJVUHIOHFW


WKRVHIURPWKHDQDO\VHVRIVWUDLQVLQLQGLFDWLQJRQO\VPDOODQGORFDOHIIHFWVRIH[SHULPHQWDO
PDQLSXODWLRQRIVLQXVDQDWRP\

'LVFXVVLRQ
7KHSUHVHQWVWXG\KDVDVVHVVHGWKHPHFKDQLFDOFRQVHTXHQFHVRIPRGLILFDWLRQRIWKH
ODUJHIURQWDOVLQXVRIWKH.DEZHIRVVLOFUDQLXP7KLVLVRILQWHUHVWEHFDXVHIURQWDOVLQXV
YROXPHYDULHVFRQVLGHUDEO\LQUHFHQWKXPDQHYROXWLRQDQGWKHFDXVHVDQGDVVRFLDWLRQVRIWKLV
YDULDWLRQKDYHEHHQGHEDWHGH[WHQVLYHO\VHH,QWURGXFWLRQDQGEHORZ2QHSRVVLELOLW\
LQYHVWLJDWHGKHUHLVWKDWWKH\VLPSO\H[LVWLQUHJLRQVRIWKHIURQWDOERQHWKDWZRXOGRWKHUZLVH
H[SHULHQFHYHU\ORZVWUDLQVDQGVLPSO\UHIOHFWERQ\DGDSWDWLRQWRORZVWUDLQV7KHUHVXOWV
VKRZWKDWH[SHULPHQWDOO\PDQLSXODWLQJIURQWDOVLQXVDQDWRP\LQWKH.DEZHFUDQLXPE\
KROORZLQJRULQILOOLQJKDVOLWWOHWRQRLPSDFWRQWKHVWUDLQPDJQLWXGHVDQGGLUHFWLRQVDQGRQ
WKHPRGHVRIGHIRUPDWLRQRIWKHFUDQLXPLQJHQHUDO7KHVWUDLQPDJQLWXGHVH[SHULHQFHGRYHU
WKHIURQWDOERQHDUHFRQVLVWHQWO\ORZFRPSDUHGWRWKHSHDNVH[SHULHQFHGHOVHZKHUHLQWKH
IDFH7KLVILQGLQJPLUURUVWKHILQGLQJVRIVWXGLHVRIRWKHUSULPDWHVWKDWIRXQGORZVWUDLQ
PDJQLWXGHVLQWKHIURQWDOERQHDQGRUFLUFXPRUELWDOVWUXFWXUHVGXHWRPDVWLFDWRU\V\VWHP
ORDGLQJ3LFTDQG+\ODQGHU+\ODQGHUHWDO5DYRVDHWDO+\ODQGHUDQG
-RKQVRQ.XSF]LNHWDO
+ROORZLQJWKHIURQWDOVLQXVUHVXOWVLQRQO\DVPDOOLQFUHDVHLQVWUDLQPDJQLWXGHVRYHU
WKHH[WHUQDOVXUIDFHRIWKHIURQWDOERQHGLUHFWO\RYHUO\LQJWKHVLQXV,QILOOLQJRIWKHIURQWDO
VLQXVUHVXOWVLQWKHRSSRVLWHDVPDOOGHFUHDVHLQVWUDLQPDJQLWXGHVRYHUWKHIURQWDO7KH
LQILOOHGUHJLRQVKRZVORZVWUDLQVFRPSDUHGZLWKWKHUHVWRIWKHORDGHGFUDQLXP6LPLODU
ILQGLQJVZHUHPDGHZLWKUHVSHFWWRLQILOOLQJRIFDQFHOORXVERQHVSDFHVDQGWKHPD[LOODU\
VLQXVLQDVWXG\RIPDFDTXHV)LWWRQHWDODQGLQILOOLQJRIFDYLWLHVLQDYDUDQRLGOL]DUG


PDQGLEOH3DUUHWDO7KHVHORZVWUDLQVZLWKLQLQILOOHGVSDFHVDUHFRQVLVWHQWZLWKWKH
VWXGLHVRI3UHXVFKRIWDQG:LW]HODQG:LW]HOZKRPRGHOOHGFUDQLDDVEORFN
PDWHULDOVZLWKQRKROORZVSDFHVRWKHUWKDQWKHEUDLQFDYLW\QDVDOFDYLW\DQGRUELWV7KH\
IRXQGORZVWUDLQVLQWKHUHJLRQVZKHUHVLQXVHVDULVHZKLFKOHGWKHPWRVXJJHVWWKDWWKHVH
KROORZVSDFHVPLJKWDULVHYLDERQHDGDSWDWLRQWRORZVWUDLQVYLDWKHPHFKDQRVWDWSULQFLSOH
7KHPHFKDQRVWDWPRGHODUHILQHPHQWRIµ:ROII
VODZ¶UHYLHZHGLQWKHFRQWH[WRI
DQWKURSRORJ\E\3HDUVRQDQG/LHEHUPDQ>@DQG5XIIHWDO>@SUHGLFWVWKDWERQH
UHPRGHOVDFFRUGLQJWRVWUDLQPDJQLWXGHVH[SHULHQFHGUHODWLYHWRVSHFLILFWKUHVKROGV,IERQH
VWUDLQVH[FHHGDFHUWDLQWKUHVKROGERQHGHSRVLWLRQRFFXUVWKXVLQFUHDVLQJERQHPDVV,IERQH
VWUDLQVDUHEHORZDQRWKHUWKUHVKROGWKHQERQHUHVRUSWLRQRFFXUVWKXVGHFUHDVLQJERQHPDVV
)URVW7XUQHU(YHQWKRXJKLWLVQRWFOHDUZKDWWKDWWKUHVKROGLV
DQGLILWLVJHQHUDOL]HGRUVLWHVSHFLILF+LOODPHWDO6NHUU\&XUUH\LWKDV
EHHQZLGHO\GHPRQVWUDWHGWKDWERQHDGDSWVWRFKDQJHVLQPHFKDQLFDOORDGLQJYLDFKDQJHVLQ
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